Modern intensive husbandry practices can create poor indoor air quality, with high levels of airborne dust, endotoxins, ammonia, and microorganisms. Air in a sow breeding barn was investigated to determine the biomass composition of bioaerosols using molecular methods supplemented with microscopic and cultivation-dependent approaches. A total of 2.7 ± 0.7 9 10 7 bacterial cells m À3 air and 1.2 ± 0.3 9 10 6 fungi spores m À3 were detected, corresponding to the fungal biovolume constituted 98% of the total microbial biovolume (fungal and bacterial). Fifty-two percent of all 4′,6-diamidino-2-phenyl indole-stained cells were detectable with fluorescence in situ hybridization (FISH) with a general bacterial probe mixture. Quantitative FISH of the bacterial consortium revealed Firmicutes as the dominant group with Streptococcus as the major genus, while Actinobacteria constituted 10% of the detectable bacteria. Additionally, the study revealed an abundant and diverse fungal community including species not previously found in similar environments. The most abundant fungal 18S rRNA gene clone sequences identified affiliated with the AspergillusEurotium cluster, but among others, species of Wallemia, Mucorales, and Russulales were detected. For both fungi and anaerobic bacteria, a hitherto undescribed diversity was found in bioaerosols from a modern sow breeding barn, which potentially could create poor indoor air quality, although their effect on the health of farmworkers and stock still is not resolved.
Introduction
Modern pig farming in closed stable environments with high animal densities can create poor indoor air quality. Microbial degradation of fecal matter and urine causes elevated concentrations of volatile organic compounds, ammonia, and sulfides, while feed materials, epithelia cells, and dried feces create dust that carries adsorbed microorganisms, viruses, endotoxins, and mycotoxins. In pig confinement buildings, measured concentrations of dust and endotoxins in the air are normally in the range of 2-20 mg m À3 and 2-1000 ng m
À3
, respectively (Crook et al., 1991; Radon et al., 2002) . Total direct counts of bacterial cells and fungal spores put their numbers around 10 7 -10 10 m À3 and 10 4 -10 8 m
, respectively, although these concentrations vary considerably with season, ventilation system, feed, type of stable, etc. (Radon et al., 2002; Lee et al., 2006; Nehmé et al., 2008) . It is, thus, inevitable for workers and animals to be exposed to high levels of airborne dust, endotoxins, chemical species such as ammonia and sulfide, and microorganisms in pig barns.
Epidemiological studies have recognized both acute and chronic work-related discomfort among pig farmers. Acute symptoms frequently described are headache, chest tightness, nasal and eye irritation, and a significant doseresponse relationship between daily hours worked inside pig confinement houses and shortness of breath and cough has been reported (Crook et al., 1991; Radon et al., 2001) . The effects of prolonged exposure to such bioaerosols include reduced respiratory function, wheezing, and chronic bronchitis, causing reduced health and life quality (Schenker et al., 1998) . Additionally, the fitness of the pigs may also be affected.
Investigation of the microbial diversity in bioaerosols by culture-independent techniques (e.g., Wilson et al., 2002; Angenent et al., 2005) has become the standard approach. However, despite the many studies carried out in air from pig confinement buildings, little is known about the airborne microbial diversity and concentrations. The most commonly cultured microorganisms in pig stable environments are gram-positive bacteria dominated by Staphylococcus, Micrococcus, Aerococcus, and Enterococcus (Clark et al., 1983; Crook et al., 1991) . Many fungal species that have been detected in pig stable bioaerosols, for example, from the genera Penicillium, Aspergillus, and Cladosporium (Chang et al., 2001; Lee et al., 2006) , are responsible for respiratory diseases and allergies in other contexts (Flannigan et al., 2001) .
Studies evaluating airborne microbial communities in livestock buildings have been carried out predominately by cultivation-dependent methods (Clark et al., 1983; Predicala et al., 2002; Lee et al., 2006) . Although many fungi are culturable, the supplementary use of molecular methods to investigate the diversity has been useful to improve the detectable diversity (Anderson & Cairney, 2004; Pitkäranta et al., 2008) . However, the degree to which this is the case will depend on the types of culture methods used and the specifics of the environment from which the samples are taken. Results from the few studies of pig stable dust comparing direct counts of fungi with culture-based counts found that only about 4 -29% of the fungi were represented in the viable counts (Radon et al., 2002; Lee et al., 2006) , and thus indicating that the use of molecular methods in pig stable dust may be useful. While few molecular studies have investigated the diversity of Bacteria and Archaea (Lange et al., 1997; Nehmé et al., 2008 Nehmé et al., , 2009 , no molecular studies have investigated the diversity of Fungi in pig stable bioaerosols.
Typically, studies of airborne dust and aerosols have been accomplished using commercial sampling devices in which air is trapped in a small liquid volume or on membrane filters, thereby collecting very small air volumes (down to 0.006 m 3 ) (Predicala et al., 2002; Lee et al., 2006) . However, the air exchange in modern pig confinement buildings depends on the temperature and relative humidity inside the building leading to large variations in the air residence time during the day. To capture the daily fluctuations in this study, the collection of bioaerosols was carried out over a few days by collection on filter membranes.
The aim of this study was, therefore, through largescale sampling to apply a cultivation-independent molecular approach to assess the biomass composition by estimating the diversity and abundance of bacteria and fungi. These data will provide basis for the assessment of microbial exposure to both humans and animals in pig facilities.
Materials and methods

Sampling site and collection
Samples were collected during spring and summer in 2007 from a closed gestation unit with 450 sows located near Aalborg, Denmark. The facility had a chimney ventilation system that was primarily used to regulate temperature and humidity inside the building. A third of the pig unit area had a manure pit underneath a slatted floor above which a water sprayer was installed. The feed consisted of a mixture of crusted grains (barley, wheat, oat, and soya) with 2% fat added to reduce dust formation. Airborne particles, including dust and aerosols, were sampled by filtering air onto a 25-mm thick (30 cm in diameter) glass fiber filter [Dust Stop G2(EU2); Danfilter, Denmark]. The filter was mounted in a metal frame that was welded to the inner side of a ventilation stack prior to the air pump. Samples collected are termed 'bioaerosols' in this study. To include daily variations, the collection period of sample series ranged from 1 to 4 days during which an average air flow of 200 m 3 h À1 was measured immediately after the filter using an anemometer (Windmaster, Kaindl). The collected dust material was uniformly distributed throughout the filter. All sampling for biomass analysis were collected during a period of 48 h and were carried out in triplicates.
Bioaerosol composition
Total dust concentration and water content of bioaerosols were determined by weight after drying four preweighed filters with collected bioaerosols at 105°C for 24 h. For all the following analyses, bioaerosols were eluted into a sealed container by washing the filters in 1.5 L of sterile filtered tap water, transported directly to the laboratory, and homogenized using a glass tissue grinder (Thomas Scientific). Approximately 4 g of bioaerosols was collected on the filters per day, of which more than 95% were recovered (n = 3). The organic matter content was determined from loss of ignition (105°C for 24 h followed by 550°C for 3 h). Fatty acids were quantified using the method of Larsen et al. (2008) , protein content was measured using the CBQCA protein quantification kit (Molecular Probes, Eugene, OR), and total carbohydrates was determined using the anthrone carbohydrate method (Raunkjaer et al., 1994) .
Microbial enumeration and microscopic identification
Bacterial viable counts and axenic cultures (n = 3; air sampling time: 2 days) were obtained on tryptic soy agar (Sigma-Aldrich). Fungal viable counts and axenic cultures (n = 3; air sampling time: 2 days) were obtained using
; pH 5.4]. Enumerations were limited to the maximal numbers in various dilutions under oxic incubation for 48 h at 22°C. Randomly chosen colonies were picked for isolation. Fungal isolates were putatively identified to the genus or species level based on microscopical examination of mycelia and spore morphology.
Total fungi direct counts were performed directly on eluted bioaerosols in a counting chamber (Marienfeld). Numbers of endospores were estimated after periodic acid-Schiff (PAS) staining (Swisher, 2003) . Total microbial direct counts (diameter < 2 lm; including Bacteria and Archaea) were made on 0.22-lm black polycarbonate filters (GE Osmonics) by staining with 4′,6-diamidino-2-phenyl indole (DAPI; 1 lg mL
À1
; Molecular Probes) for 10 min (n = 3). Microbial cells with intact cell membranes were quantified using the Live/Dead BacLight Bacterial Viability kit (Molecular Probes) according to the manufacturer's instructions. For both total microbial and Live/Dead counts, a minimum of 400 cells were counted per sample, distributed between at least 10 randomly chosen counting grids. The width and length of 20 randomly chosen microbial cells and fungi spores were measured, and the biovolume was calculated using the formula for ellipsoidal volumes. Identification of endospores was confirmed using the Schaeffer-Fulton staining method as described elsewhere (Schaeffer & Fulton, 1933) .
Total genomic DNA extraction and PCR amplification DNA was extracted from three replicate bioaerosols samples applying both the Fast DNA SPIN kit (MP Biomedicals) and the Power Soil kit (MO BIO Laboratories) as described in the manufacturer's instructions, and equal volumes of each extraction method were mixed to reduce extraction biases. DNA extraction from fungal and bacterial isolates was performed with the Power Soil kit. The SSU rRNA gene was PCR amplified on a Primus 96 plus (MWG-Biotech) using three primer pairs (Invitrogen): (1) 8f (5′-AGAGTTTGATYMTGGC-3′) (Fox et al., 1995) and 1492r (5′-TACGGYTACCTTGTTACGACTT-3′) being bacteria specific (Lane, 1991) . PCRs contained 19 reaction buffer (Amplicon), 0.5 mM deoxynucleoside triphosphate (dNTP) (Amplicon), 0.2 lM of each primer, 2.5 U Taq DNA polymerase (Amplicon), and 1 lL DNA template. The amplification conditions were 10 min at 94°C, 30 cycles of 30 s at 94°C, 30 s at 56°C, 30 s at 72°C, and 5 min at 72°C. (2) nu-SSU-0817f (5′-TTAGCATG-GAATAATRRAATAGGA-3′) and nu-SSU-1536r (5′-ATT-GCAATGCYCTATCCCCA-3′) (Borneman & Hartin, 2000) targeting Ascomycota, Basidomycota, and some Fungi incertae sedis. PCRs with this primer pair were run with a touchdown program modified after Borneman & Hartin (2000) . (3) ARC8f (5′-TCCGGTTGATCCTGCC-3′) and ARC1492r (5′-GGCTACCTTGTTACGACTT-3′) (Teske et al., 2002) targeting most Archaea and Fungi (unspecific conditions applied, therefore, allowing few mismatches). PCRs using ARC8f/ARC1492r were run as described by Teske et al. (2002) , but using an annealing temperature of 52.5°C.
SSU rRNA gene clone library construction PCR products were purified using the NucleoSpin Extract kit (Macherey-Nagel) and cloned using the TOPO TA cloning kit (Molecular Probes) according to the manufacturer's instructions. The recombinant plasmids were subsequently eluted with the FastPlasmid Mini kit (Eppendorf) and sequenced commercially (Macrogen, Korea).
Analysis of SSU rRNA gene clone libraries
Constructed 18S rRNA gene clones were checked for chimeras using BLAST and 16S rRNA gene sequences using the online Bellerophon server (Huber et al., 2004) . A total of 7 and 11 possible chimeric bacterial and fungal sequences were excluded from further analysis, respectively. Sequence alignments and phylogenetic trees were constructed using the ARB software (Ludwig et al., 2004) and SILVA reference databases (release 93 and 100 for 16S and 18S rRNA gene analysis, respectively) (Pruesse et al., 2007) . Phylogenetic trees were calculated using the AxML maximum likelihood (ML) algorithm using near full-length reference sequences (> 1400 nt and > 1600 nt for Bacteria and Fungi, respectively) and a filter generated by a minimal base similarity of 50%. Bootstrap analysis was additionally made with maximum parsimony (1000 replicates). Amplification products of the shorter nu-SSU-0817f/nu-SSU-1536r primers were added to the ML trees using the parsimony insertion tool with filters comparing only 721 nt. Operational taxonomic units (OTUs) were defined using DOTUR (Schloss & Handelsman, 2005) , with cutoff values of 99% and 97% identity for fungi and bacteria, respectively. Species richness (total numbers of OTUs) and community coverage were extrapolated with nonparametric estimators (S ACE and S Chao1 ) and nonparametric estimates (Good's C and C ACE ), using the software of Kemp & Aller (2004) .
Nucleotide sequences accession numbers
Partial ribosomal gene sequences obtained in this study were deposited in GenBank under the accession numbers: GQ868385-GQ868442 for bacterial clones, GQ868349-GQ868358 for bacterial isolates, GQ868359-GQ868377 and GU306003-GU306056 for fungal clones with nu-SSU-0817f/nu-SSU-1536r, GU305972-GU306002 for fungal clones with ARC8f/ARC1492r, and GQ868378-GQ868384 for fungal isolates.
Fluorescence in situ hybridization
Eluted bioaerosols were fixed, permeabilized, and fluorescence in situ hybridization (FISH) was performed on gelatin-coated glass slides according to the method described elsewhere (Nielsen, 2009 ) with FLUOS-labeled EUBmix (most Bacteria) (Stahl & Amann, 1991; Daims et al., 1999) and Cy3-labeled specific probes (Biomers): ALF968 (Alphaproteobacteria except of Rickettsiales) (Neef, 1997) , ARCH915 (Archaea except of Korarchaeota and Nanoarchaeum) (Stahl & Amann, 1991) , BET42a (most Betaproteobacteria) (Manz et al., 1992) , CF319a+b (most Flavobacteria, some Bacteroidetes, and some Sphingobacteria) (Manz et al., 1996) , CLOST I (Clostridia cluster I and II) (Küsel et al., 1999) , GAM42a (most Gammaproteobacteria) (Manz et al., 1992) , HGC69a (most Actinobacteria) (Roller et al., 1994) , LGC354abc (many Firmicutes except Clostridium) (Meier et al., 1999) , PF2 (all yeasts) (Kempf et al., 2000) , SAU (Staphylococcus aureus) (Kempf et al., 2000) , SRB385 (many Deltaproteobacteria) , and STR (many Streptococcus) . A Cy3-labeled NONEUB probe (Wallner et al., 1993) served as negative control, and the detection limit was quantified here from to 0.3% of DAPI stained cells. Further details on these probes are available at probeBase (Loy et al., 2003) .
An Axioscope II epifluorescence microscope (Carl Zeiss, Germany) and a 6309 magnification were used for all visualizations. Quantification was performed by manual enumeration (as described previously) with the exception of the PF2 probe, which was quantified by biovolume using image analysis of a minimum of 20 randomly chosen fields with the IMAGEJ software (Papadopulos et al., 2007) .
Results
Microbial composition
A general characterization of the bioaerosols in the pig stable air revealed an average total dust particle concentration of 0.8 ± 0.2 mg m À3 (±SD) with a water content of 14%, which was in agreement with hygrometer measurements. The volatile organic solid fraction of 83% constituted approximately 82% carbohydrate, 21% protein, and 1% fatty acids. Microscopic examinations revealed that the microbial population (diameter < 2 lm) was mainly composed of coccoid-and rod-shaped cells and total direct counts (using DAPI) enumerated 2.7 ± 0.7 9 10 7 cells m À3 (Fig. 1 ). In addition, many endospores were observed and estimated to be nearly as numerous as the microbial cell counts (~1 9 10 7 endospores m
À3
). Fungi were found almost exclusively as spores (using PAS staining) having a diverse morphology ranging from spherical, ovate to club shaped and with varying degree of septation and ornamentation of the surface, but also some single cells Fig. 1 . Distribution of (a) microbial biovolumes and (b) total counts in bioaerosols. Prokaryotic and fungal biovolumes were estimated from the average cell, spore and endospore volume, and total counts. The prokaryotic cell count was enumerated after DAPI staining, endospores counts estimated after PAS staining, and total fungi spores were obtained through light microscopy. The abundance of bacterial groups was quantified by FISH with rRNA gene-targeted probes. The EUBmix-positive cells are presented as a fraction of the prokaryotic cell count and the specific probes as a fraction of EUBmix. The LGC354abc probe does not target Clostridium-and CLOST I-positive cells. Numbers in parentheses after probe names are percentages of total bacterial count (EUBmix). Community structure in pig stable bioaerosols were observed. Total direct counts of fungi (using light microscopy) enumerated 1.2 ± 0.3 9 10 6 spores m
. The average fungal spore biovolume was 970 lm 3 , whereas the average microbial biovolume (cells and endospores) was 0.6 lm 3 . Thus, the fungal population had an estimated biovolume 50 times larger than the sum of the bacterial and archaeal populations.
Of the total direct microbial counts, only 52% were detectable by the EUBmix probe (targeting most Bacteria) (Fig. 1) . According to Live/Dead staining, only 65% of the cells had an intact cell membrane, which likely explains the low percentage of FISH-positive cells. In addition, cells positive with the ARCH915 probe (targeting most Archaea) were observed, but the number was below the quantification limit of 0.3% of total counts. Application of FISH on fungi is so far mostly limited to species of interest for medical purposes using specific probes, but the PF2 probe (targeting all yeasts) was successfully used in this study. Few positive cells were observed and estimated to be only 0.3% of the total counts. These FISH-positive yeast cells were relatively large (6 9 10 lm) with clearly distinguishable yeast cell morphology.
Identification of axenic bacterial cultures
The culture-based counts revealed that only 0.4% and 0.5% of the fungi and bacteria population were viable on the applied growth media, respectively (Fig. 1) . These ratios might be optimized using other cultivation and incubation conditions.
Ten randomly chosen colony-forming units (CFUs) with different morphologies were picked for isolation, identified by SSU gene analysis, and assigned the same phyla as the clones (Fig. 2a) . Firmicutes were represented by three isolates assigning Staphylococcus equorum as closest relative and three isolates clustered closely with Arthrobacter arilaitensis of Actinobacteria. Additionally, four pure cultures were assigned to Erwinia persicina, Pseudomonas poae, and Acinetobacter lwoffii ( ! 97% similarity) within the gammaproteobacterial class (data not shown).
Bacterial diversity analysis and quantification
The bacterial clone library identified 62 clones within 15 OTUs and appeared, from coverage estimates (C ACE : 69%, Good's C: 87%), to be reasonably sampled. The most abundant and diverse bacterial phylum in the clone library (Fig. 2a) was Firmicutes represented by 53 clones in 13 OTUs. Clones affiliated with the genus Clostridium formed the dominant Firmicutes group, and according to the description of Clostridia by Collins et al. (1994) , cluster I, XI, and XIV were represented in this study with seven OTUs. The Clostridium FISH probe used is mostly specific for Cluster I, which accounted for 4% of EUBmix and 46 clones (74%). Additionally, two clones forming one OTU affiliated with Streptococcus, and using a Streptococcus specific probe, this genus was quantified accounting for 36% of the EUBmix.
One clone (identified as Rothia) affiliated with Actinobacteria, and the quantitative FISH analyses revealed that Actinobacteria (HGC69a) represented 10% of EUB mix. Conversely, FISH detection of Gammaproteobacteria was below the detection limit, despite represented by one OTU assigning the genus Psychrobacter (data not shown).
Identity of axenic fungal cultures
Seven dominating fungal morphotypes were randomly chosen and isolated from the bioaerosols, all of which were Ascomycota (Fig. 2) . The putative identity determined by morphology of bioaerosol fungi (BF) Isolate 7 and 13 was Penicillium sp. and Scopulariopsis brevicaulis, respectively. For BF Isolate, 1, 6, 10, and 12, the morphology-based identities of Stachybotrys chartarum could not be verified by SSU gene sequencing; however, the obtained sequences related closely to S. brevicaulis. BF Isolate 8 was morphologically identified as Chrysosporium sp.
Fungi diversity analysis
Using the Fungi-targeted primer set (nu-SSU-0817f/ 1536r), a total of 73 sequences were obtained, which grouped in six OTUs and gave variable coverage estimates (C ACE : 69% and Good's C: 96%). From a second Archaea-targeted primer set (ARC8f/ARC1492r), 31 fungi relating sequences were obtained, which grouped in seven OTUs and also revealed high coverage estimates (C ACE : 90%, Good's C: 90%). These primers did not actually detect any archaeal sequences, but produced an additional 31 fungal sequences because of unspecific binding with the low-stringency PCR conditions. Most archaeal species (except species belonging to the Korarchaeota) contain a perfect target site for the primers, but were likely not amplified because of their low abundance (as verified by FISH). The fungal sequences from both of the libraries combined grouped into 11 OTUs of which only two were shared among the two primer sets.
In the nu-SSU-817f/1536r clone library, the majority of the obtained fungi-related clones (90%) formed one OTU (BF Clone 284), affiliating with the lineage of Aspergillus and Eurotium (Ascomycota) (Fig. 2b) . In this lineage, Penicillium was also represented by one OTU. Davidiella (Ascomycota) was the closest relative of two clones, but Community structure in pig stable bioaerosols there is > 99% sequence identity with Cladosporium cladosporioides, and the sequences analyzed, therefore, lack sufficient resolution to differentiate these two genera. The clone library based on the product of the ARC8f/ ARC1492r primers was dominated by Basidiomycotarelated clones (65%). Basidiomycota-related clones were obtained for organisms from the class Agaricomycetes (12 clones) and the genera Wallemia (eight clones). Clones also related to the orders Neocallimastigales (Neocallimastigomycota) (eight clones) and Mucorales (Fungi incertae sedis) (one clone). Finally, while one Ascomycota-related clone from the Aspergillus/Eurotium cluster was obtained, and this group was much less abundant than in the nu-SSU-817f/1536r library.
Discussion
In the stable, a mechanical ventilation system was used to control the temperature and humidity, and the air volume was estimated to be replaced 0.7-6.3 times per hour depending on the time of the day and year, making it a highly dynamic environment. To avoid these fluctuations and obtain sufficient biomass without biasing, the community composition, we inserted glass fiber filters into the ventilation system of the pig stable and sampled between 9600 and 19 200 m 3 of air over periods of 1-4 days. The formation of a 3-10-mm thick hydrophobic dust layer at the surface of the filter during sampling helped lowering the bias toward certain particle sizes.
The average total concentration of dust particles (0.8 mg m ) (Clark et al., 1983; Crook et al., 1991; Radon et al., 2002) . Several factors are known to influence the dust concentration in pig facilities, for example, animal activity, ventilation rates, usage of straw, flooring type, waste handling (Létourneau et al., 2010) , and the feeding method (Crook et al., 1991) . The sows in this study were fed with crushed grains supplied with 2% fat specifically added to decrease the amount of dust. In line with the reduced dust concentrations, the total microbial counts (2.7 9 10 7 cells m
À3
) and total fungal counts (1.2 9 10 6 spores m
) were also in the lower range of measurements obtained previously (Radon et al., 2002; Nehmé et al., 2008) . The night time, included in the sampling period, is also a low activity period of pigs and workers and therefore likely decreased the average amount of dust and microorganisms. Furthermore, most other studies of bioaerosols have been carried out in pig finishing buildings with higher CFU concentrations compared with breeding units (Chang et al., 2001) . Likely, the general level of cleaning and the availability of straw, which was highly reduced in the stable of this study, also influence the concentration of dust and microorganisms in the air. Nonetheless, cell size measurements were used to estimate biovolume and found that, despite the Bacteria and Archaea being numerically more abundant, the larger cell sizes made the fungi community approximately 50 times larger in biovolume. High cell numbers will be more important in case of infectious particles, whereas biovolume might be important in terms of allergen production.
Most sequences of the clone library were affiliated with phylotypes that are typically characterized as grampositive, aerotolerant, or anaerobic bacteria. This was also supported by the FISH data revealing the most abundant group as Firmicutes (77% of EUBmix) and Actinobacteria (10%). High numbers of Clostridia-related sequences were obtained, which could be assigned cluster I, XI, and XIV with cluster I being the dominant group as was also found in pig stable bioaerosols by Nehmé et al. (2008) . Despite the high abundance of Clostridia cluster I in the clone library (79% of the clones), this group only obtained 4% of the FISH-detectable community. Many Clostridium-related species readily form endospores and were the only endospore-forming bacteria identified in the clone library. High numbers of endospores were observed, not detectable by FISH, but may have contributed to the relatively high abundance of Clostridium in the clone library.
The closest relatives of two Clostridia-related OTUs were uncultured bacteria sequenced from the pig intestinal tract. Clones of Staphylococcus, Streptococcus, and Lactobacillus were also present in the clone libraries and have also been described in the pig gastrointestinal tract (Leser et al., 2002) , unsurprisingly suggesting that swine feces is a primary source of the bacteria in the bioaerosols. None of the known pathogenic Staphylococcus or Streptococcus species were detected.
High concentrations of the archaeal 16S rRNA gene (10 6 -10 8 copies m
) closely related to methanogenic archaea and predominantly affiliated with Methanosphaera stadtmanae were found by Nehmé et al. (2009) in bioaerosols in swine confinement buildings by clone library and qPCR. Application of an Archaea-specific probe in this study was below 0.3% of DAPI-stained cells suggesting an abundance of < 8 9 10 4 FISH-positive cells m
of this group in the environment studied here. The reason for this discrepancy could be attributed to the difference in sampling size and extraction procedure but also reflect different individual communities. The molecular characterization and quantification of Fungi by SSU rRNA gene sequencing is to our knowledge the first time molecular tools have been applied to study fungal communities on air from a pig barn. The results reveal the presence of a diverse fungal community with six new genera that have not typically been detected by culture-dependent approaches in this environment.
The identification of these organisms was, however, of variable resolution, some could be identified to the genus-level, while others only to the order level. The use of SSU rRNA gene fragments for the identification of fungi often lacks phylogenetic resolution (Anderson & Cairney, 2004) , and the use of other more phylogenetically informative genes is required, for example, co-amplification of the SSU rRNA gene and variable internal transcribed spacer (ITS) region. However, if these Community structure in pig stable bioaerosols approaches are to become more widely applicable, further development is required, including degenerate primers with a sufficiently broad specificity and sequence databases with high coverage of identified organisms to enable the identification of unknown sequences. The quantitatively most important group within the clone libraries was the Aspergillus-Eurotium cluster (65%), which as well as Penicillium (1%), is commonly detected by means of culture-dependent approaches in bioaerosols from pig stables (Chang et al., 2001; Radon et al., 2002; Lee et al., 2006) and in stored grains (Aziz et al., 2006) as used for pig feed on the farm in this study. Several allergens have been identified among species of the genera Aspergillus, Eurotium, and Penicillium (Flannigan et al., 2001) , suggesting their possible association to symptoms described by epidemiological studies of pig farmers and decreased pig production yield. Furthermore, Aspergillus and Penicillium have been implicated in allergenic rhinitis (Flannigan et al., 2001 ).
An unknown fraction of these fungi might originate from air carried in with the ventilation air from outside the building, the feeding, and straw or from the slurry. The indoor-to-outdoor (I/O) ratio of fungal exposure could have indicated potential indoor fungal sources to attribute the composition of the stable air (Gots et al., 2003) . No measurement of the outdoor fungal composition was made; however, a significant part of the additional fungi found in this study is known from other environments. Dioszegia is known from a range of different habitats including soil (Connell et al., 2008) , whereas Wallemia has very low water activity requirements and has been detected in building materials of paper, plastic, and wood (Pietarinen et al., 2008) . Cyllamyces aberensis and Neocallimastrix frontalis are recognized as anaerobic rumen fungi able to degrade structural parts of the plant cell wall (Tuckwell et al., 2005) , whereas species of Mucorales and Mycoarachis are known detritivores (Angel & Wicklow, 1975) . The closest relative type strains Bjerkandera adusta and Phanerochaete velutina are known to degrade different plant structures such as lignin as is Heterobasidion annosum (Vasiliauskas et al., 2005) . The diverse ecology and physiology of the detected fungal species suggests other sources such as feed, manure, and construction materials.
The relative abundance of the detected fungi groups may not be reflected in the relative abundance of the SSU clones, but should be investigated using a quantitative method. The application of FISH to fungi is limited because their cell walls often impede probe entry and because of autofluorescence of hyphae (Bärlocher, 2007) , and quantitative PCR may be a more applicable approach.
Many previous studies of bioaerosols in pig stable environments have been carried out using cultivation-dependent methods, and our investigation of culturable fungi was not intended to be exhaustive in this area, but provide a basis for comparison to these previous studies. The axenic cultures represented Penicillium sp. and Scopulariopsis sp. among which isolates have also been obtained from pig stable bioaerosols by others (Crook et al., 1991; Radon et al., 2002) . Although Aspergillus often has been cultivated from pig stable bioaerosols and the group was highly abundant in the clone library, they were not detected through cultivation in this study likely because of limited number of cultivated strains investigated or different requirements for cultivation (Donham et al., 1986; Crook et al., 1991) .
Among the bacterial axenic cultures, Gammaproteobacteria were most prevalent, which also has been widespread in other cultivation-based studies of aerosols and in general when a nutrient-rich medium is applied (Clark et al., 1983; Wagner et al., 1993) . The groups detected by molecular methods, comprising high numbers of fermenting bacteria, are discriminated under the aerobic growth conditions applied here and in most other cultivation-dependent studies of pig stable aerosols. Thus, despite the limited numbers of isolates examined, the microbial community of both cultivated fungi and bacteria did not reflect the diversity revealed by the clone libraries and FISH analysis.
The exposure limit for total organic dust in working environments is 3 mg m À3 in Denmark, but there are no testing standards that set out exposure limits for microbial counts, although a maximum of 10 4 CFU m À3 in livestock buildings has been suggested (National Labour Inspection of Denmark, 1989) . Our results exceeded these guidelines by more than 10-fold. In light of the potential for underestimation of the microbial load when using culture-based counts, total microbial counts are recommended for future investigations of bioaerosols in farming environments. This study reveals the need for detecting and identifying both the fungal and bacterial community of pig stable bioaerosols using culture-independent techniques. The results demonstrate that fungi accounted for an important part of the microbial population and discovered a more diverse fungal community than previous studies, including groups known to harbor species able to cause health implications. The potential pathogenicity or allergenicity of this new diversity poses questions about their possible impact on the health of farmworkers and stock. To further clarify the impact on health risks, more epidemiological and immunological studies are needed.
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